Autonomous underwater vehicle (AUV) is an unmanned tether-free vehicle which is powered by battery or fuel cell. The weight of the AUV is a major issue to be decided when considering its performance. To manufacture a propeller that is lighter in weight and able to carry the pressure applied to the blades is an involving process. The present study investigates the performance of the propeller of an AUV, manufactured by additive manufacturing, using ABS plastic material. The propeller blade designed in SolidWorks was transferred to the CUBPRO (DUO), followed by setting the parameters for a 3D printing machine. A comparative study was carried out for ABS (Acrylonitrile Butadiene Styrene) material between the required dimensions and a 3D printed model dimension propeller blade. An error analysis was carried out and we observed that ABS material is the most suitable for an AUV propeller. A stress-strain analysis for the propeller was carried out using the Finite Element Method.
Introduction
A conventional manufacturing technique such as investment casting is quite time-consuming and costly when it comes to the manufacturing of complex parts. Additionally, incorporating any change in design is extremely challenging for conventional manufacturing methods. In some designs, conventional manufacturing techniques are not applicable at all due to their limitations in dealing with complex geometries. Advances in the area of Additive Manufacturing (AM) (commonly known as 3D printing) methods have considerably increased the realization of intricate designs in physical 3D components, ready for direct applications, such as ceramics [1] , biomedical parts [2, 3] , textiles [3] , food industry [4] and microfluidic devices [5] . There is a long list of AM methods, such as Fused Deposition Modelling (FDM) [6] [7] [8] [9] , stereolithography [10] [11] [12] and selective laser sintering etc. [13] [14] [15] . In FDM, a thermo-plastic string in a semi-molten state is extruded through a nozzle that deposits a layer on the base plate. This process maintains on-going, layer-by-layer deposition, obtaining geometrical details of each layer through the Computer Aided Design (CAD) model [9] . For every layer to deposit, the base plate lowers down to the pre-defined value to allow the next layer. Effectively, any design that is modelled in software, either by implementing commercial CAD software or through mathematical equations, can be manufactured as a complete solid, hollow, or pre-defined inner and outer surface 3D printing. FDM allows parts to be manufactured in 3D easily and quickly. Despite the advantages of FDM, its restraining aspect is the process control on the geometry of the model to produce precise 2 of 9 and accurate dimensions, attributable to the lack of cohesion between adjacent filaments [16] [17] [18] . The cohesion problem leads micro-gaps to form in the physical model. It has been reported to reduce these air gaps by embedding thermally expandable microspheres that can be expanded in a post-heat treatment of the physical part [18] . Stereolithography is a 3D printing technique that works on the principle of using laser to harden liquid resin for the manufacture of 3D geometry. It involves a process whereby a photosensitive liquid is converted into a 3D solid with the help of a low-power laser, depositing material layer by layer. Stereolithography is used in many of these applications. However, there are two issues associated with this technique: the required process time and the mechanical properties of the printed component [19] . In addition to FDM and Stereolithography, there is another popular technique known as Selective Laser Sintering. This is a technique whereby a bed of powder, either in the form of resin, polymer, or even metal, is subjected to a high-power directional heating source, which allows it to be partially or fully melted and fused into a 3D component in a layer by layer manner. There are three different binding mechanisms in Selective Laser Sintering, namely liquid phase sintering, solid state sintering and full melting [20, 21] .
The use of 3D printing for rapid tooling and manufacturing has promised to produce components with complex geometries according to computer designs. The range of applicability of 3D printing is increasing day by day with this technique being applied to intricate geometries. One such geometry that can be simplified from a manufacturing perspective is the propeller of an Autonomous Underwater Vehicle. The geometry of an AUV propeller is complex that requires a difficult process to manufacture through conventional methods. Khaleed et al. [22] have optimized the size of the work piece to manufacture the AUV propeller blade, using a five-stage cold forging process, which was time consuming as well as costly in obtaining an end result. Researchers have made significant efforts to manufacture complex profiles, such as the aerofoils of AUV propellers, with different methods. However, these methods are more complicated in the sense of the number of stages required to manufacture the propellers. It is noted that the literature lacks a 3D printed AUV propeller, which is the main motivation behind our current study. Thus, an effort was made in the current study to manufacture AUV propellers by Fused Deposition Modelling. Further, the developed propeller was analysed for its suitability to be used as a propeller by analysing its blade strength and stress distribution.
Materials and Methods
The methodology comprised of the development of the AUV propeller design using SolidWorks [22] and subsequently analysing the same in the FEM package INVENTOR to judge its capability to withstand the load. This software was chosen due to its user-friendly capability and the availability of inbuilt properties of ABS plastic. The model was meshed with the help of hexahedron free mesh. It was ensured that the mesh independency prevailed for the analysed model. The tail end was constrained in all directions and a pressure of 1.5 kN was applied on the surface of the blade. The material properties of the ABS plastic material are given in Table 1 . An anisotropic analysis was carried out due to the very nature of the printed propeller. Once satisfied with the FEM results, the solid model was translated to CUBPRO package and set as the base for manufacturing and interface with the 3D printing machine (DUO). Figure 1 shows the 3D printing machine being used for the current study.
Procedure for 3D Printing by FDM
FDM 3D printing is best suited for cost effective prototypes produced with a short lead time [23] . The three major steps in 3D printing utilizing FDM technology are pre-processing, printing process and post-processing. Pre-processing involves file format conversion, configuration of the printer and preparation of the build file. The preparation of the build file takes decisions like supports, material of print, strength and resolution in the print. The process of the print starts with preparation of the 3D printer itself, which involves build plate readiness, levelling the build platform, gluing the platform and subsequently, the print command. After the print is completed post-processing starts with extraction of the printed component from the build platform. This primarily involves the dissolution of the adhesive binding the build and the platform to set the build free. The most important post-processing activity is the removal of supports and irregularities in the build. Layer lines are also generally present on FDM prints, making post processing an important step if a smooth surface is required [24] .
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Profile Comparison and Error Measurement
The dimensional conformity of the CAD impeller model and the manufactured 3D printed physical model was compared by measuring a scaled-up (2×) impeller. Three truncated models were designed in CAD by taking the reference from the top flat portion of the impeller. These models were manufactured through 3D printing with the same parameters as mentioned above. The cross-section of each physical model was then measured physically and with the help of image-processing software Image. The CAD model and the physical model cross-sectional portion were compared by measuring area and perimeter. 
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FEM Analysis
An FEM analysis of the developed component was carried out by using the software INVENTOR. Figure 2 shows the boundary conditions applied to the blade of the propeller. It is observed that at the fixed end, the maximum stresses accrued, and the displacement is maximum at the front end. Strain and stress are well within the permissible limits. Figure 3 depicts the stress distribution in the blade for the applied loading conditions. We have found that almost the whole blade was under a stress of 0.001 MPa due to the applied load. However, a small area near the hub was found to have developed the maximum stress of 4.19 MPa. For convenience, it can be said that the developed ABS blade is safe, as the Yield strength of the material is 20 MPa (Table 1) , which is far higher than the maximum stress developed in the blade. distribution in the blade for the applied loading conditions. We have found that almost the whole blade was under a stress of 0.001 MPa due to the applied load. However, a small area near the hub was found to have developed the maximum stress of 4.19 MPa. For convenience, it can be said that the developed ABS blade is safe, as the Yield strength of the material is 20 MPa (Table 1) , which is far higher than the maximum stress developed in the blade. Figure 4 depicts the deflection in the blade for the applied loading conditions. It was observed that the maximum deflection that occurred in the blade was 0.01797 mm. The maximum deflection was found at the free end of the blade, which was expected due to the fixed boundary condition at the other end. The deflection of 0.01797 mm is within the allowable limit when compared with the size of the component and its material properties. Figure 4 depicts the deflection in the blade for the applied loading conditions. It was observed that the maximum deflection that occurred in the blade was 0.01797 mm. The maximum deflection was found at the free end of the blade, which was expected due to the fixed boundary condition at the other end. The deflection of 0.01797 mm is within the allowable limit when compared with the size of the component and its material properties. Figure 4 depicts the deflection in the blade for the applied loading conditions. It was observed that the maximum deflection that occurred in the blade was 0.01797 mm. The maximum deflection was found at the free end of the blade, which was expected due to the fixed boundary condition at the other end. The deflection of 0.01797 mm is within the allowable limit when compared with the size of the component and its material properties. Figure 5 depicts the assembled 3D printed AUV propeller with modularization of blades and hubs. The AUV propeller blade is manufactured in the five stages shown in Figure 6 , which consumes a lot of time and money, [22] whereas the 3D printed AUV propeller was manufactured in one operation with comparative ease when compared to the conventional method. Figure 5 depicts the assembled 3D printed AUV propeller with modularization of blades and hubs. The AUV propeller blade is manufactured in the five stages shown in Figure 6 , which consumes a lot of time and money, [22] whereas the 3D printed AUV propeller was manufactured in one operation with comparative ease when compared to the conventional method.
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Error Measurement
In order to get a better view of air flaws and dimensional accuracy, a comparison of the developed 3D printed model with that of the CAD model was carried out. This was carried out by selecting three sections at a distance of 15 mm (Figure 7 ) from a minimum to maximum cross-section area. The CAD model was taken as a benchmark. The cross-sectional areas have noticeable variation; however, the perimeter is not significantly different, as shown in Table 2 . The highest model (Section 15) shows that the CAD cross-section was 35.5% smaller than the physical part. As the model height was decreased, the CAD model cross-sectional area became larger than the physical part. To investigate these variations, the CAD cross-sectional curve was superimposed onto the physical part, as shown in Figure 8 . There were multiple reasons for CAD and physical model deviation. Firstly, the impeller is a thin shape structure, while during deposition there is no side support material. Therefore, when the physical part has many deposition layers, the lower layers expand, allowing a much higher physical cross-sectional area. This observation can be noted from Figure 5 , where the sides of the impeller have rough edges when comparing Section 15 with the other two sections. Secondly, it can be safely assumed that the physical model cross-sectional values were low in number, in relation to the nozzle diameter. Near the edges, the thickness was less and thus, accurate deposition of that size was not possible, resulting in the higher area value in the physical part. At the lower height (Section 30, 45), the design had thicker cross-sections and resulted in easier deposition. However, some air gaps were observed in Sections 30 and 45, which was unavoidable in FDM, due to maintenance of the dimensional accuracy during the deposition. These air gaps were minimal and not visible to the naked eye and needed a high-resolution camera to predict their existence. This can be ignored from a design perspective. The air gaps allowed the physical part to shrink, resulting in a smaller physical cross-sectional area, as shown in Figure 8 .
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Conclusions
An AUV propeller was manufactured in a single operation by 3D printing. The stress analysis shows that the ABS plastic propeller can withstand the loads coming onto the blades underwater. Through our analysis, we found that ABS plastic is a suitable material for AUV propellers. The error of the physical model and the required model was minimal at Section 2 of the 3 analysed sections. There were few air gaps found in the 3D printed model which were minimal and very small in size. The perimeter of each section was nearly identical. This shows that despite the observation that the cross-sectional layers may have thickened or shrank at random locations in the lateral direction, the overall dimensional accuracy could be maintained to allow such impellers manufactured by 3D printing to have a direct application without further need for any post-manufacturing process.
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